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INJECTION OF HIGH-ENZRGY ELECTRONS INTO THE IhWER 

REGIONS OF THE IfAGNETOSPHERE DURING THE 

MAGNETIC STORM OF OCTOBER 29-NOVEMBER 4,  1968 

S. N. Vernov, T. A. Ivanova, E. N.  Sosnovets,  

L. V. Tverskaya, G. I?. Fedorova and 0. V.  Khorosheva 

ABSTRACT. E lec t ron  f l u x e s  were measured on "Molniya- 
1'' dur ing  a  magnetic storm. The causes of t h e  advance 
of t h e  i n j e c t e d  e l e c t r o n  f r o n t  a r e  n o t  r e l i a b l y  es tab-  
l i s h e d .  

1. Below we g i v e  t h e  r e s u l t s  of measuring t h e  e l e c t r o n  f l u x e s  (E, > 250, 

500 and 800 keV), c a r r i e d  o u t  on t h e  s a t e l l i t e  "Molniya-1" (apogee 39,600 'a 

i n  t h e  no r the rn  hemisphere, pe r igee  520 km i n  t h e  southern  hemisphere, 

o r b i t a l  i n c l i n a t i o n  65O, r o t a t i o n  per iod  % 1 2  hours)  dur ing  t h e  magnetic 

storm of October 29 - November 4, 1968. 

A pho tomul t ip l i e r  (PM) was used a s  t h e  e l e c t r o n  d e t e c t o r  w i th  a  c s I ( ~ 1 )  

c r y s t a l  (HC d e t e c t o r ) .  R e g i s t r a t i o n  of t h e  p a r t i c l e s  was done along s e v e r a l  

channels  w i t h  d i f f e r e n t  e l e c t r i c  t h re sho lds  which were s e t  according t o  t h e  

energy r e l e a s e  i n  t h e  CsI(T1) c r y s t a l .  The HC d e t e c t o r  r e g i s t e r e d  p a r t i c l e s  

i n  t h e  range  of t h e  s o l i d  ang le  24". The t a b l e  g i v e s  t h e  c h a r a c t e r i s t i c s  of 

t h e  channels  of t h e  HC d e t e c t o r  used i n  t h i s  work (parameters  HCl, HC2, HC3). 

CHARACTERISTICS OF CWIhWELS OF BC DETECTOR 

I S c i n t i l l a t i o n  aram- j ~ h r e s h o l d  1 HC d e t e c t o r  e t e r  E  keV 

-- - 
R 

Numbers in the rnargiil ind ica te  paginatxon in zlze o r i g i n a l  so re ign  t a t ,  



-- i n  a d d i t i o n  t o  tile el_ec~ro:~s,  p-rocor~s ~.,rich E ; 1:- 2 l4cV made a c o n t r . -  
p ru 

bu t ion  t o  t h e  r e g i s t r a t i o n  of t he  HC d e t e c t o r ,  I n  t h e  r eg ion  L > 3 - 5  all the 

channels  r e g i s t e r  rile eiec t r o n  component ; when L < 3.5 qnder u n p e r  t u r  ijec: cen- 
I d i t i o n s  t h e  r ead ings  of t h e  va r ious  channels  a r e  s i m i l a r ,  and we may speak 
I 

wi th  confidence about  t h e  r e g i s t r a t i o n  of e l e c t r o n s  only  i n  t h e  presence  of 

l a r g e  i n t e n s i t y  v a r i a t i o n s ,  when - because of t h e  a d d i t i o n a l  c o n t r i b u t i o n  

from t h e  e l e c t r o n s  - t h e  r ead ings  of t h e  channels  w i th  v a r i o u s  th re sho lds  

begin  t o  d i f f e r  s t r o n g l y .  

The r e l a t i v e l y  smal l  (bu t  c l e a r l y  o u t s i d e  t h e  framework of d i f f u s i o n  

theo ry  [ l ] )  c a s e s  of e l e c t r o n  i n j e c t i o n  i n t o  t h e  ou te r  r a d i a t i o n  b e l t  ( f o r  

L Q 4) dur ing  moderate magnetic storms have been descr ibed  i n  [ 2 ] .  At t h e  

inne r  edge of t h e  b e l t ,  d i f f u s i o n  waves of e l e c t r o n s  were observed w i t h  

e n e r g i e s  i n  t h e  hundreds of keV, propagat ing  approximately 20 t imes more 

r a p i d l y  than  o rd ina ry  d i f f u s i o n  waves observed i n  t h e  r eg ion  3.5 L 2 4. 

References [3-51 g i v e  c a s e s  of i n j e c t i o n  of e l e c t r o n s  of v a r i o u s  e n e r g i e s  

i n  t h e  gap between t h e  r a d i a t i o n  b e l t s  and i n  t h e  inne r  b e l t  dur ing  f o u r  

excep t iona l ly  s t r o n g  geomagnetic d i s tu rbances .  During t h e s e  storms, t h e  

i n t e n s i t y  of e l e c t r o n s  wi th  E Q 300 keV increase;  i n  t h e  gap by more than  
e  

two o r d e r s  of magnitude. An important  f e a t u r e  of t h e s e  phenomena was t h e  

t r u n c a t i o n  of t h e  i n j e c t i o n  s p e c t r a  a t  h igh  ene rg i e s :  when E > 700 keV t h e  
e  

v a r i a t i o n s  i n  i n t e n s i t y  i n  clouds wi th  L < 3 were i n s i g n i f i c a n t .  

A s  a  r e s u l t  of t h e  poor time r e s o l u t i o n  ( t h e  i n t e r v a l  between t h e  

succes s ive  measurements comprised s e v e r a l  days) ehe ques t ion  a s  t o  zhe 

dynamics of i n j e c t i o n  remained open. I n  a  number of ca ses ,  t h e  appearance 

of e l e c t r o n s  was observed i n  the  gap, w i t h  a  subsequent monotonic decay i n  

i n t e n s i t y .  Sometimes ( f o r  example, a f t e r  t h e  storm of May 25, 1967) along 

w i t h  the  decay a f a s t  d i f f u s i o n  advance of t h e  f r o n t  was observed from 

L % 2.5 t o  L < 2.  The d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  of such d i f f u s i o n  c a s e s  

i n  t h e  inne r  r a d i a t i o n  b e l t  i s  the  h igh  magnetic a c t i v i t y  a f t e r  t h e  s torm, 

Large v a r i a t i o n s  in e l e c t r o n  f l u x e s  f o r  L < 3 were r epea t ed ly  observed 

dur ing  t h e  previous maximum of s o l a r  a c t i v i t y ,  However, t hese  measurements 



h'C-- October  , -,., ve~3be-r .- 

Figure  1. Geomagnetic s i t u a t i o n  i n  t h e  per iod  October 29 - Novmber 4 ,  
1968: a  - K -Index; b  - Dst-Variation, computed from 5 s t a t i o n s  

P  
spaced by long i tude ;  c  - Maximal, a t  a  given hour ,  d e v i a t i o n s  of t h e  
H-component from t h e  q u i e t  l e v e l ,  computed from 14  h igh - l a t i t ude  
s t a t i o n s .  The arrows 1-3 denote  t h e  moinents t h e  s a t e l l i t e  passed 
through one and t h e  same r eg ions  of t h e  r a d i a t i o n  b e l t s ,  f o r  which 
d a t a  were a v a i l a b l e .  

I 

were c a r r i e d  o u t  a t  low a l t i t u d e s ,  and t h e  r e s u l t s  cannot  b e  i n t e r p r e t e d  

unequivocal ly:  t h e  i n c r e a s e  i n  i n t e n s i t y  could have been t h e  r e s u l t  e i t h e r  

of i n j e c t i o n ,  o r  of a  r e d i s t r i b u t i o n  of p a r t i c l e s  by p i tch-angles .  The 

measurements descr ibed  i n  [3-51, f i r s t  made near  t h e  e q u a t o r i a l  p lane ,  and 

t h e  observed e f f e c t s  were c l e a r l y  caused by i n j e c t i o n .  These phenomena a r e  
i 

c l o s e l y  connected w i t h  t h e  increased  i n t e n s i t y  of po la r  d i s tu rbances  and I 

I probably a r e  of g r e a t  i n t e r e s t  f o r  understanding t h e  dynamics of t h e  mag- 

ne tosphere  as  a  whole. 

There was an analogous effect during the storm of October 29 - Xovexber 
1 1  i ,  1968. B e l o w  we analyze the data obtained on the snteili~e X o h i y a - l "  

during this storm, 

3 



2 ,  Fisure L i l l u s c r a ~ c s  the geomtignccic co~lditiofis iii "the invesr igatc-d 

p e r l o b  of October 29 - ~Vovc~nbcr 4 ,  1368: a) K.-index; b j  3 - v a r i & & i o n ,  
b il k' 

coxny?;itcd from f i v e  s t a t i o n s  spaced according t o  iongicude (11. Eour, Sari Juan, 
. .. 
Honolulu, Rekioka, Tashkent) ; c )  maximal d e v i a t i o n s  a t  a  given t ime of t h e  H- 

component from the  q u i e t  l e v e l ,  computed from 14 h igh - l a t i t ude  s t a t i o n s ,  

uniformly d i s t r i b u t e d  both by long i tude  and by l a t i t u d e .  I n  p r a c t i c e  t h e s e  

a r e  t h e  Afl- and A - i n d i c e s  [ 6 ] ,  i . e . ,  t h e  c h a r a c t e r i s t i c  va lues  of t h e  
U 

h i g h - l a t i t u d e  e l e c t r i c  s t reams A - west (- AIf) and A u  - e a s t  (4 AN) .  Z 

The analyzed storm was v e r y  complex: On October 26 a t  18  hours  32 min- 

u t e s  a  sudden beginning was observed. However, s u b s t a n t i a l  changes i n  t h e  

f i e l d  took p l ace  only  on October 29, and cons i s t ed  of a t  l e a s t  t h r e e  d i s -  

tu rbances  overlapping one another .  During two of t h e  s t r o n g e s t  of them 

(1, 1I)D.f- t h e  v a r i a t i o n  reached -200 y ;  dur ing  111 --is0 y. I n  a l l  t h r e e  

c a s e s  of d i s tu rbances  a t  h igh  l a t i t u d e s  a s i g n i f i c a n t  i n c r e a s e  was observed 

i n  t h e  wes tern  e lec t ro-s t ream:  ampli tude of nega t ive  bays reached 

> 2600 y (I), - 2800 y (11) and I800 Y (Ir1). R e l a t i v e  t o  t h e  e a s t e r n  e l e c t r o -  

s t ream, we can say  t h a t  i t  v a r i e d  i n  p a r a l l e l  w i t h  t h e  wes tern ,  b u t  had a n  

ampl i tude  s e v e r a l  t imes  smal le r .  

3 .  Figure  2 g i v e s  t h e  counting r a t e s  of t h e  HC channel averaged f o r  
1 

one minute (E > 250 keV) as a  f u n c t i o n  of t he  parameter L  ( t h e  MacIlvine 
e  

parameter)  f o r  s e v e r a l  f l i g h t s  i n  t h e  r a d i a t i o n  b e l t s .  The r eg ion  of t h e  gap 

between t h e  b e l t s  (L Q 3) w a s  i n t e r s e c t e d  by t h e  s a t e l l i t e  a t  Q 0400 hours  UT 

near  t h e  e q u a t o r i a l  p lane .  

Curve 1 g i v e s  t h e  p r o f i l e  of t h e  b e l t  under q u i e t  cond i t i ons  ( f l i g h t  

be fo re  t h e  storm on October 29).  The space between t h e  inne r  and o u t e r  b e l t s  

i s  c l e a r l y  seen  f o r  L  Q 3. Curve 2 g i v e s  t h e  f l i g h t  on November 1, immediate- 

l y  a f t e r  t h e  f i r s t  s e r i e s  of i n t e n s e  substorms. It i s  c l e a r  t h a t  t h e  e lec-  

t r o n s  were i n j e c t e d  deeply i n t o  the  space where t h e i r  i n t e n s i t y  increased  by 

more than  two o r d e r s  of magnitude, Curve 3 g ives  &he p r o f i l e  of t h e  b e l s  

on Sovember 4 a t  t he  end of t h e  recovery phase o f  the storm, It i s  clear 

r h a t  t h e  nunber of i n j e c t e d  electrons had increased,  and thz  i n n e r  from of 
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I Figure  2. Dependence of counting r a t e  F igu re  3. I n t e g r a l  s p e c t r a  of e lec-  I 

of channel  HCl (Ee > 250 keV) on L. t r o n s  w i t h  ene rg i e s  of E  > 250, 
e 

500 and 800 keV f o r  L = 2.3 - 4. i 

t h e  b e l t  had advanced nea re r  t o  Ear th .  Curve 4 ( f l i g h t  of November 20, i .e . ,  

a f t e r  approximately two weeks fo l lowing  end of t h e  storm) i l l u s t r a t e s  t h e  

d isappearance  of t h e  i n j e c t e d  e l e c t r o n s  i n  t h e  r eg ion  of t h e  gap. 

Readings from t h e  channels  w i t h  h igher  t h re sho lds  (E > 500, 800 keV) 
e  

a l s o  i n d i c a t e  t h e  i n j e c t i o n  of p a r t i c l e s  of t h e s e  energ ies ;  however, they  

do n o t  p e n e t r a t e  so deeply:  t h e  spectrum i n  t h e  r eg ion  L < 3  becomes s i g n i -  

f i c a n t l y  so£ t e r  . 

Figure  3  shows t h e  i n t e g r a l  s p e c t r a  of e l e c t r o n s  w i t h  e n e r g i e s  of E > 
e  

> 250, 500 and 800 keV i n  t h e  i n v e s t i g a t e d  per iod  (October 29, Xovember I, 

November 4 ) .  For L < 3.5 i n  t h e  absence of i n j e c t i o n  i n t o  t h e  gap, we can 

never r e l i a b l y  d i s t i n g u i s h  t h e  e l e c t r o n s  on t h e  background of pro tons ;  

t h e r e f o r e ,  t h e  s p e c t r a  f o r  October 29 f o r  L < 3.5 a r e  n o t  shown. For L 2 2.3 

even on November 1 i n  t h e  presence of a n  a d d i t i o n a l  c o n t r i b u t i o n  from i n j e c t e d  

e l e c t r o n s  i n t o  t h e  reading  of t h e  HC d e t e c t o r ,  on ly  t h e  reading  of t h e  channel  

w i th  E  > 250 keV exceeded t h e  background l e v e l ,  produced by t h e  pro tons .  
e  

Only a f t e r  a n  a d d i t i o n a l  i n j e c t i o n  d id  t h e  reading  of t h e  HC channel (E > 2 e  
> 500 keV) s u b s t a n t i a l l y  exceed the level of t h e  p ro t ans ,  



Fro;:: conparison of the spectra for L = 3 and L = 2 - 3 ,  on November 4 ,  it 
was o'nvious iio.iJ- s z r o n g l p  the  spectracfi b: i " 3 ,  L T ~ ~ - J ,  t he  

specrru:~~ was approxfnated by a power Paw (betwecn p o l n t s  250 and 500 keV) f a r  

L = 3 t h e  exponent of t h e  spectrum was n = 2 ; f o r  L = 2,3 n ==: 6. With an  

approximation of t h e  exponent between t h e s e  same p o i n t s ,  f o r  L = 3 t h e  con- 

s t a n t  E = 270 keV; f o r  L = 2.3, Eo = 60 keV. 
0 

This  r e s u l t  ag rees  w i th  t h e  d a t a  from r e f e r e n c e  [5], i n  which i t  was 

shown t h a t ,  wi th  a  s t r o n g  i n j e c t i o n  of e l e c t r o n s  w i t h  ene rg i e s  of 290 - 690 

keV i n t o  t h e  inne r  b e l t ,  no v a r i a t i o n s  a r e  observed i n  t h e  e l e c t r o n s  w i t h  

e n e r g i e s  of 690 - 1700 keV. 

4 .  The o n s e t  of l a r g e  e l e c t r o n  f l u x e s  wi th  ene rg i e s  i n  t h e  hundreds of 

keV f o r  L = 2 - 3 dur ing  s t rong  storms means e i t h e r  an  a c c e l e r a t i o n  d i r e c t l y  

i n  t h e s e  c louds  o r  a  r a p i d  t r a n s p o r t  from more d i s t a n t  c louds  accompanied by 

a d i a b a t i c  a c c e l e r a t i o n .  

PA p o s s i b l e  explana t ion  of t h e  i n j e c t i o n  may be  the  e f f e c t  g iven  by 

Alfven [ 7 ]  - t h e  d r i f t  of p a r t i c l e s  i n  t he  f i e l d  of t h e  magnetic d i p o l e  and 

t h e  e l e c t r i c  f i e l d .  Under t h e  a c t i o n  of magnetic d r i f t ,  t h e  p a r t i c l e  pas ses  

a  c e r t a i n  p o t e n t i a l  d i f f e r e n c e  i n t o  t h e  e l e c t r i c  f i e l d  and e i t h e r  i n c r e a s e s  

o r  dec reases  i t s  energy. Those p a r t i c l e s  which a r e  a c c e l e r a t e d  approach t h e  

Ear th .  Evalua t ions  from Alfven ' s  formulas ( [ 7 ] ,  Sec t ion  2.6.1) show t h a t  f o r  

i n j e c t i o n  of e l e c t r o n s  having ene rg i e s  of E > 250 keV f o r  L up t o  % 2.5 t h e r e  
% 

e 
must be  p o t e n t i a l  d i f f e r e n c e s ,  between L % 5 and t h e  Ear th ,  of Q, 200 kV. 

The g r e a t e s t  p o t e n t i a l  d i f f e r e n c e  i s  reached along t h e  loops  which 

s e p a r a t e  t h e  c losed  and t h e  unclosed o r b i t s  where t h e  r a t i o  of i n i t i a l  (Ld 

and f i n a l  (Lf) v a l u e s  of t h e  cloud parameters  comprises % 1.8 .  Here t h e  

energy ( i n  t h e  n o n r e l a t i v i s t i c  case)  because of conserva t ion  of t h e  magnetic 

moment i n c r e a s e s  by (1. ? 6 t imes.  On t h e  o t h e r  hand, t h e  i n c r e z s e  i n  

energy i s  AE = e A U ,  w h e r e n u  = %a ( L ,  $- Lf)- i s   he potential d i f f e r e n c e  on 

thc loop (a is t h e  radius of t h e  E a r t h ,  $ -- is the electric field strength). 

A E  ter denoting by E; and El :, Ei + AE ;: 6Ei t h e  i n i t i a l  abid f inaL energy, we 



lJhell Ef = 250 and Lf = 2,5, we f i n d  t h e  g iven  e s t ima t ion  of t h e  p o t e n t i a l .  

I n  o rde r  t h a t  t h e  e f f e c t  be  i r r e v e r s i b l e  and t h e  p a r t i c l e s  remain on t h e  

new d r i f t  c louds ,  t h e  l i f e  t ime of t h e  e l e c t r i c  f i e l d  must be on t h e  o r d e r  of 

a  h a l f  per iod  of t h e  p a r t i c l e  d r i f t  along t h e  per turbed  t r a j e c t o r y  ( f o r  

e l e c t r o n s  w i t h  a n  energy of Q, 250 keV, which a r e  a c c e l e r a t e d  from Q, 40 keV, 

t h e  t ime i s  Q, 1 hour) .  A t  a  h igh  d r i f t  v e l o c i t y ,  t h e  e f f e c t  of t h e  f i e l d  

i s  exer ted  a d i a b a t i c a l l y ,  and a f t e r  t h e  d isappearance  of t h e  p o t e n t i a l  

d i f f e r e n c e  t h e  p a r t i c l e s  r e t u r n  t o  t h e  o r i g i n a l  o r b i t s .  It is  p o s s i b l e ,  

mainly f o r  t h i s  reason ,  t h a t  no r ap id  i n j e c t i o n  of high-energy e l e c t r o n s  

i n t o  t h e  inne r  b e l t  is  observed. 

t 

According t o  e x i s t i n g  concepts  [8, 91 t h e  l a rge - sca l e  e l e c t r i c  f i e l d s  

i n  t h e  magnetosphere a r e  connected w i t h  t h e  po la r  d i s tu rbances  (DP). Compu- 

t a t i o n  [ 9 ]  shows t h a t  t h e  p o t e n t i a l  d i f f e r e n c e  AU between t h e  Ea r th  and t h e  

c louds  w i t h  L = 4 - 5 i n  the  e q u a t o r i a l  p l ane  i s  approximately equal  t o  t h e  l 

p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  po la r  e l e c  t ro-s tream i n  t h e  ionosphere.  Theo- i 

r e t i c a l  computation g ives  f o r  a  moderate bay (with p e r t u r b a t i o n  of t h e  

magnetic f i e l d  under a  s t ream of -500 y )  AU on t h e  order  of s e v e r a l  t e n s  of 1 2 2 7 4  

1 .  On t h e  b a s i s  of t h e  experimental  d a t a  on t h e  v e l o c i t y  of barium c louds  

a n  analogous computation is obta ined  [ l o ] .  For more i n t e n s e  bays the  theo ry  

[9] i s  a p p l i c a b l e  only  q u a l i t a t i v e l y ;  however, t h e  va lues  of AU.=100- 200 kV 

a r e  f u l l y  reasonable .  

I f  we have a  s e r i e s  of bays,  then  t h e  t o t a l  e f f e c t  of t h e i r  e l e c t r i c  

f i e l d s  on t h e  p a r t i c l e s  has  a  d i f f u s i o n  c h a r a c t e r .  I f  t h e  period of t h e  

p a r t i c l e  d r i f t  around t h e  Ear th  i s  n o t  too small  i n  comparison wi.15 che 

duration o f  the hay, the rate  of such diffusion for small L may substantial2y 

exceed the di . f fus ion  rate r.lnder the  ac"&ion of the sudden pulses i ".I? . , -  

7 



In t:le framcworlc of t17j.s interprcltzit-on, we can assume c h z t  I:?:lj injcc'cion 

of t h e  flrst of intense (a- 2500 1)) bay-1Lke perturbations ( 5 )  (Fisiire 1,~). 

This  s e r i e s  began and ended on October 31, a f t e r  which up ro  % 2200 hours  UT 

on November 1 t h e  f i e l d  tias r e l a t i v e l y  q u i e t .  Then a second l a r g e  per rur -  

b a t i o n  (11) toolc p l ace ,  and fol lowing i t  i n  t h e  e n t i r e  recovery phase of t h e  i 

storm a  s e r i e s  of weaker p e r t u r b a t i o n s  took p l ace  w i t h  am2li tudes of 3 1 5 0 0 y  . I 

Because of t h e  absence of d e t a i l e d  d a t a ,  we could not  observe the  dynamics of 
I 

t h e  i n j e c t i o n  f o r  t h e  per iod  from November 1 t o  November 4. The d a t a  f o r  

Kovember 4 ( s ee  curve  3 ,  Figure  2) i n d i c a t e  t h a t  i n  t h i s  per iod  a n  a d d i t i o n a l  f 

i n j e c t i o n  took p l a c e :  t h e  f r o n t  of t h e  i n j e c t e d  el.ectrons i n  comparison w i t h  

November 1 pene t r a t ed  deeply;  t h e  space between t h e  b e l t s  f o r  ene rg i e s  E > 
e  

> 250 keV p r a c t i c a l l y  d isappeared .  However, a v a i l a b l e  d a t a  do no t  l ead  t o  any 

conclus ion  a s  t o  whether t h e  advance of t h e  f r o n t  i s  t h e  r e s u l t  of some s i n g l e  1 

s t r o n g  p e r t u r b a t i o n  ( f o r  example, II and 111) o r  i s  t h e  t o t a l  e f f e c t  of a l l  ! 
1 

t h e  p e r t u r b a t i o n s ,  t ak ing  p l a c e  between t h e  second and t h i r d  f l i p k i t s  of t h e  1 
s a t e l l i t e  ( s ee  F igu re  1)  and producing a  r a p i d ,  deeply  p e n e t r a t i n g  d i f f u s i o n .  
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